Abstract: Effects of plant o-dihydroxyphenols on ascorbate (ASA) content and ascorbate peroxidase (APOX) activity in the tissues of the grain aphid Sitobion avenae and the bird cherry-oat aphid Rhopalosiphum padi were studied. Among the aphid morphs, the highest ASA content and APOX activity were noted for larvae and the lowest for wingless apterae. When exposed to o-dihydroxyphenols, aphids of both species contained significantly lower concentrations of ASA and higher APOX activity than the controls. Among the studied compounds, caffeic acid had the strongest effect on ASA-based antioxidant responses in that caffeic acid caused a 5-fold decrease of ASA in aphid tissues. The influences of the plant o-dihydroxyphenols on antioxidant defense mechanisms within the cereal aphid species are discussed.
Introduction
All aerobic organisms are subjected to oxidative stress caused by reactive oxygen species (ROS), including the superoxide anion radical (O − 2 ), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical (OH). ROS arise from aerobic metabolism and exogenous sources, and exogenous ROS constitute an important plant defense against herbivorous insects (Bolwell & Wojtaszek 1997; Mittler 2002) . Plants produce a variety of pro-oxidant allelochemicals that upon activation generate reactive forms of the oxygen . Most of these pro-oxidant allelochemicals are activated photochemically, and only phenolic compounds undergo metabolic activation and generate reactive semiquinone radicals, which in turn react with molecular oxygen to generate superoxide radicals and consequently hydrogen peroxide and hydroxyl radicals (Kalyanaraman et al. 1987; Ahmad 1992) . Low levels of ROS are not harmful to cells, but high ROS concentrations damage cells by reacting with DNA, RNA, proteins, and lipids. Lipid peroxidation is especially harmful to herbivorous insects because in addition to being essential cell membrane components, insect lipids have specific physiological functions as juvenile hormones and pheromones (Downer 1985) .
Herbivorous insects possess specific defense mechanisms against ROS in the form of antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and glutathione reductase (GR). Herbivorous insects lack a Se-dependent glutathione peroxidase, which is a main antioxidant enzyme for neutralizing hydrogen peroxide in mammalian tissues (Ahmad et al. 1987 ). Because catalase is inefficient at removing low concentrations of hydrogen peroxide, insects have developed an alternative mechanism for removing peroxides, and this mechanism (the ascorbate-recycling system) uses ascorbate (ASA), ascorbate peroxidase (APOX), and dehydroascorbic acid reductase (DHAR). First, hydrogen peroxide is reduced by APOX, generating dehydroascorbic acid (DHA). DHA is then converted to ASA by the GSHdependent enzyme, DHAR (Summers & Felton 1993; Barbehenn et al. 2001) .
The ascorbate-recycling system has been detected and studied in Lepidoptera larvae and other leafchewing insects (Mathews et al. 1997; Summers & Felton 1993; Barbehenn et al. 2001; Wang et al. 2001; Krishnan & Kodrik 2006) but not in sucking-piercing insects, including aphids. Thus, the aim of this study was to compare ASA content and enzyme activities associated with ASA metabolism in tissues of two species of cereal aphids: the monophagous grain aphid, Sitobion avenae (F., 1794), and the oligophagous bird cherryoat aphid, Rhopalosiphum padi (L., 1758). In addition, the influence of one of the most important groups of plant pro-oxidants -o-dihydroxyphenols -on the reduced ASA and APOX activity was studied. 
Material and methods

Aphids
Experiments were conducted with various morphs (apterae, alatae, and larvae) of S. avenae and R. padi. The insects originated from aphid stock cultures kept on winter wheat cv. Tonacja at the University of Podlasie at Siedlce.
Effect of phenolic compounds on ASA content and APOX activity The influence of three o-dihydroxyphenols (quercetin, caffeic acid, and chlorogenic acid) on ASA content and APOX activity within aphid tissues was determined by placing starved (4 h) apterae morphs on agarose-sucrose gels (1.25% agarose, 30% sucrose) containing one of the three phenolic compounds. After the aphids had fed on these gels for 12 hours, they were collected and changes in ASA content and APOX activity were determined in comparison to control aphids that were placed on agarose-sucrose gels devoid of the tested chemicals.
ASA assay ASA concentration within the aphid tissues was determined by adapting the procedure of Omaye et al. (1979) . The aphids were homogenized in 67 mM K-phosphate buffer (pH 6.5) containing 0.2 M EDTA and centrifuged at 3,000 g for 15 min. Trichloroacetic acid (1 ml of a 5% solution) was added to 0.5 ml of the supernatant, and the 1.5-ml volume was centrifuged at 12,000 g for 20 min. ASA content was quantified after mixing 0.27 ml of the supernatant containing the aphid extract, 0.08 ml of 85% H3PO4, 1.37 ml of 0.5% α,α -dipirydyl, and 0.28 ml of 1% FeCl3. The reaction mixtures were incubated at 42
• C for 40 min, and absorbance at 525 nm was measured against a control containing 0.27 ml of 67 mM K-phosphate buffer (pH 6.5) instead of the aphid homogenate. ASA content was calculated from a calibration curve prepared with standards and was expressed in nmol per mg of tissue.
APOX assay APOX activity was determined according to Asada (1984) . The collected aphids were homogenized in 67 mM Kphosphate buffer (pH 7) for 5 min at 0
• C. The homogenates were filtered through two layers of cheesecloth and centrifuged at 3,000 g for 15 min. The reaction mixture consisted of 0.75 ml of crude homogenate of aphids and 0.25 ml of 67 mM K-phosphate buffer (pH 7) containing 2.5 mM ascorbic acid and 0.2 ml of 30 mM H2O2. The decrease in absorbance at 290 nm was monitored for 5 min using a spectrophotometer. Boiled samples served as controls. APOX activity was expressed as µmol ascorbate oxidized/min/mg protein, using an extinction coefficient of 2.8 mM −1 cm −1 . Protein content was measured as described by Bradford (1976) .
Statistics
All data are reported as means ± SD, n = 4, where each replication represents one independent aphid homogenate. Data were subjected to a one-way analysis of variance (ANOVA) followed by the Duncan's multiple-range test.
Results and discussion
The results of this study demonstrate that the aphids have an ascorbate-recycling system for removing toxic hydrogen peroxide. This system is very important because hydrogen peroxide plays a central role in plant defense responses to herbivorous insects (Wu et al. 1995; Mehdy et al. 1996; Kuźniak & Urbanek 2000) . Given the low activity of catalase within cereal aphid tissues (Lukasik 2007) , ASA and APOX seem especially important in protecting aphids against hydrogen peroxide toxicity.
Among the studied morphs, ASA concentration and APOX activity were highest for larvae of both aphid species and lowest for wingless apterae (Table 1) . In contrast, the content of another non-enzymatic antioxidant, glutathione, and the activity of glutathionerelated enzymes were highest within the tissues of the winged-migrant stage of cereal aphids ( Lukasik 2006) . Krishnan et al. (2007 Krishnan et al. ( , 2009 ) noted a lower level of ROS and a higher antioxidant potential in the adult of Leptinotarsa decemlineata (Say, 1824) than in the larval stage. Thus, ASA and APOX may be a key component of the antioxidant defense of cereal aphids larvae.
The oligophagous species R. padi, which switches between woody host and grass host plants, contained less ASA than the monophagous S. avenae. This is in agreement with studies that quantified the other non-enzymatic antioxidant, glutathione, within cereal aphids ( Lukasik 2006) . The opposite pattern was recorded for APOX, which had greater activity within tissues of R. padi than S. avenae. The results of these studies suggest that the antioxidant defense mechanisms of S. avenae depend on low-molecularweight non-enzymatic antioxidants (such as ASA or glutathione) while the antioxidant defense mechanisms R. padi depend more on antioxidant enzyme systems. Previous reports indicated that activities of SOD, CAT, and GR were higher in R. padi than in S. avenae. Different results were obtained for two species of grasshoppers, in which the activity of antioxidant enzymes were similar in the polyphagous tannin-tolerant Melanoplus sanguinipes (F., 1798) and in the graminovorous Aulocara ellioti (Thomas, 1870) (Barbehenn 2002) . Ascorbate and other non-enzymatic antioxidants, however, were more abundant in the midgut of M. sanguinipes than in A. ellioti (Barbehenn 2003) . The exposition of aphids to o-dihydroxyphenols caused the depletion of the ASA within their tissues, and level of this decrease was closely correlated with the concentration of the applied chemicals; the greatest reduction of ASA occurred in insects exposed to a phenolic concentration of 0.1%, which was the highest concentration tested (Table 2) . Among the odihydroxyphenols studied, caffeic acid had the strongest effect on the ASA content. This allelochemical at the highest concentration (0.1%) caused a greater than 5-fold decline in the ASA level within cereal aphid tissues. It was earlier demonstrated that the ingestion of trans-cinnamic acid derivatives by larvae of Helicoverpa zea (Boddie, 1850) caused the depletion of ASA in association with other oxidative stress markers (Summers & Felton 1994) . Barbehenn (2003) reported that the consumption of tannic acid decreased the ASA concentration in midgut tissues and gut fluids of the graminovorous grasshopper A. ellioti. Because depletion of low-molecular-weight antioxidants is one of the biochemical markers of oxidative stress, odihydroxyphenols seem to have pro-oxidant properties in cereal aphids. In our previous experiments, the tested phenolics strongly affected protein thiol groups and glutathione (GSH) content within tissues of R. padi and S. avenae; the greatest depletion of the protein sulfhydryls and GSH was noted under trans-cinnamic acid derivatives treatment ( Lukasik & Leszczyński 2005; Lukasik 2006 ). The loss of ASA affects other non-enzymatic antioxidants such as tocopherol and glutathione because ASA plays an important role in maintaining the pool of these antioxidants in cells.
The effect of the studied o-dihydroxyphenols on ASA concentration in both aphid species (monophagous and polyphagous) was mostly similar. In grasshoppers, however, levels of antioxidants were less susceptible to decrease in polyphagous species than in graminovorous species when the grasshoppers consumed tannic acid (Barbehenn 2003) . Timmermann et al. (1999) documented no significant effect of phototoxin on ASA content within tissues of Depressaria pastinacella (Duponchel, 1838), a specialist caterpillar fed on furanocoumarin-containing plants. In contrast, the ASA level in Trichoplusia ni (Hübner, 1803), a broad specialist, was significantly reduced in the presence of phototoxic xanthotoxin. Thus, for the insects that lack specialized detoxification mechanisms against pro-oxidants, dietary ascorbate may be important for antioxidant defense (Timmermann et al. 1999 ).
In the current study, exposure of aphids to the plant pro-oxidants clearly induced the activity of APOX, and level of the induction was concentrationdependent. The highest APOX activity was observed in insects fed on gels containing 0.1% allelochemicals, the highest concentration tested. Among the studied pro-oxidants, caffeic acid caused the greatest induction of APOX activity in both aphid species (Table 3) . At the highest concentration (0.1%), the APOX activity within the caffeic acid-treated insects increased nearly 2-fold. The flavonoid quercetin had less effect than caffeic acid or chlorogenic acid on APOX activity in cereal aphids but also induced activity of this antioxidant enzyme within the aphid tissues.
The induction of APOX activity after exposure to the o-dihydroxyphenols may be associated with their pro-oxidant properties. Previous studies indicated that trans-cinnamic acid derivatives may generate toxic ROS, including hydrogen peroxide (Iwanashi et al. 1990; Kalyanaraman 1990; Appel 1993) . The increase of APOX activity within cereal aphids under the influence of o-dihydroxyphenols may compensate for the inhibition of catalase by these compounds (Lukasik 2007) . Krishnan & Kodrik (2006) recorded a significant induction of APOX activity within larvae of Spodoptera littoralis (Boisduval, 1833) fed on a plant diet as opposed to a semi-artificial diet. This is consistent with the participation of APOX in protection against exogenous oxygen radicals generated by ingested pro-oxidant allelochemicals. However, studies of the ascorbate-recycling system in the midgut of caterpillars Malacosoma disstria (Hübner, 1820) and Orgyia leucostigma (Smith, 1797) showed that APOX activities were reduced by ingested tannic acid in both species (Barbehenn et al. 2001 ).
In conclusion, the results presented here demonstrate that plant o-dihydroxyphenols may promote oxidative stress within cereal aphid tissues. The promotion of oxidative stress was evidenced by a significant depletion of the main non-enzymatic antioxidant-ASA-that together with APOX eliminates toxic hydrogen peroxide. The ascorbate-recycling system within aphids may represent an important mechanism of aphid resistance against plant allelochemicals.
